Abstract: A novel lateral stress sensor based on a compact in-fiber Mach-Zehnder interferometer (MZI) and Fourier analysis is proposed and demonstrated. The in-fiber MZI is formed by cascading two offset splicing joints. The interference occurs between the copropagating fundamental core and cladding modes. The influence of offset value on the performance of modal interferometer, including the extinction ratio and insertion loss, has been experimentally investigated. The spatial spectra of the proposed in-fiber interferometers with different interference lengths are analyzed by Fourier transform. An infiber interferometer with an interference length of 30 mm has been fabricated for lateral stress measurement. The performance of the lateral stress sensor is investigated in a spatial frequency domain by Fourier transform of the corresponding transmission wavelength spectra. The responses of intensity peaks to different lateral stresses are analyzed in the spatial frequency domain. The sensitivity of the in-fiber MZI-based lateral stress sensor is as high as 0.00455/m. The proposed lateral stress sensor possesses the advantages of simple and compact structure, high sensitivity, ease of manufacture, and low cost, and it will provide a simple and effective method for detecting the slight fiber deformation induced by lateral stress.
Introduction
In-fiber Mach-Zehnder interferometers (MZIs) have attracted great research interest due to their compactness, simplicity, low cost, and high sensitivity. They have been used in many applications such as wavelength filters [1] , [2] , refractive index sensors [3] , [4] , temperature sensors [4] - [6] , strain sensors [6] , [7] , curvature sensors [8] , and humidity sensors [9] . An in-fiber MZI can be formed by introducing a mode-splitter and a mode-combiner to achieve the interference between the fundamental core mode and cladding modes. In recent years, many novel types of in-fiber MZIs have been developed by using different fibers and techniques [10] - [20] , such as MZI based on long period grating (LPG) pairs and a tapered section fiber [10] , MZI formed by sandwiching a section of twin-core fiber into single mode fiber (SMF) [11] , MZI based on double cladding fiber [12] , MZI built with a fiber taper and an ultrafast laser microfabricated spot [13] , MZI based on splicing a section of thin core fiber between two sections of SMFs with one misalignment-spliced joint [7] , and many other MZIs based on index-guiding photonic crystal fiber [14] - [19] and air-core photonic bandgap fiber [20] - [23] , which are generally implemented by utilizing long period gratings [14] - [17] , [20] , offset splicing [18] , [21] , air-hole collapsing [15] , [18] , [19] , and tapering [16] , [22] , [23] . However, the MZIs reported so far usually involve critical requirements on interferometer specifications such as two identical LPGs or fiber tapers, highly demanding LPG fabrication techniques such as high-frequency CO 2 laser irradiation, or the use of high-cost photonic crystal fibers and photonic bandgap fibers. This increases the cost and complexity of the in-fiber MZIs and restricts their practical applications.
In this work, we present a lateral stress sensor based on a compact in-fiber MZI and Fourier analysis. The in-fiber MZI is formed by cascading two offset splicing joints. A section of Erbium doped fiber (EDF) is offset spicing into SMF at both ends, and this induces the excitation of high order cladding modes besides the fundamental core mode. The first offset splicing joint acts as a beam splitter which couples a part of the fundamental core mode power into the cladding modes, and the second offset splicing joints functions as a beam combiner which re-couples a part of power of cladding modes to the fundamental core mode. The distance between the two offset splicing joints corresponds to interferometer length. Since the fundamental core mode and cladding modes propagate through different optical path along the fiber, the interference fringe is induced by two coupled modes, and it depends on the optical path difference between the core mode and cladding modes. Therefore, the proposed interferometer is belonging to a fiber modal interferometer.
To build the in-fiber MZI effectively, we have investigated the influence of the lateral offsets on the characteristic of the MZIs, including the interference fringe contrast and insertion loss. The effect of the interferometer length on the performance of the MZIs is explored experimentally. We have measured the wavelength transmission spectra of the proposed in-fiber MZIs, and the spatial frequency spectra of the MZIs are also analyzed by taking the Fourier transform of the corresponding wavelength spectra. Furthermore, the performance of the lateral stress sensor based on the in-fiber MZI is also analyzed. The responses of intensity peaks in spatial frequency domain are investigated with respect to different lateral stresses. As a lateral stress sensor, it was observed that the amplitudes of the intensity peaks are very sensitive to the lateral stress with sensitivity as high as 0.00455 m.
Principle, Fabrication and Properties of the In-Fiber MZI
The schematic diagram of the proposed in-fiber MZI based on two adjacent offset splicing joints and the experiment system are shown in Fig. 1 . Light from a broadband optical source (BOS) is launched into the in-fiber MZI and the interference spectrum is monitored by using an optical spectrum analyzer (OSA) of ADVANTEST Q8384 with a resolution of 0.02 nm. The in-fiber MZI is formed by two cascaded offset splicing joints. A section of EDF is spliced to SMF at both ends with small lateral offsets induced intentionally by operating the commercial fusion splicer (Fujikura FSM-40S) in AT2 splicing mode. The two offset splicing joints will induce the excitation of high order cladding modes besides the fundamental core mode. The distance L between two offset splicing joints is taken as the interferometer length. Multiplying it with the effective refractive index of each excited mode gives the optical path length of the corresponding arm of the infiber MZI. Usually, a high index medium or a long optical path length is required to accumulate the phase difference into quickly to give rise to the best interference. In this work, the EDF was chosen to implement in-fiber MZI because it has a much higher refractive index contrast between the core and cladding due to the high phosphorous doping concentration in the core. Thus, it will provide distinct optical path length difference between the core and cladding modes.
As shown in the inset of Fig. 1 , at the first offset splicing joints (OSJ1), the fundamental core mode is partially coupled to the high-order cladding modes, while the remaining energy stays in the fundamental core mode. The exited cladding modes propagated along the middle EDF section are coupled back to the fiber core at the second offset splicing joints (OSJ2). As the fundamental core mode and cladding modes travel through different optical path, a series of interference fringes will be produced. By using such a simple but effective method, the in-fiber interferometers can be easily implemented. Compared with the conventional MZIs with a two-arm fiber phase shifter, the proposed in-fiber MZI is more compact and can provide better environment stability. This is because the core mode and cladding modes always experience the same perturbation such as temperature variations, background noises. Furthermore, our proposed infiber MZI is formed only by a commercial fusion splicer without requiring special equipment for the fabrication of LPGs or using high-cost photonic crystal fibers and photonic bandgap fibers. It will make the in-fiber interferometer formed by offset splicing technique more prospective in the sensing applications.
According to the optical interference theory, the transmission intensity of an MZI as a function of the wavelength can be expressed as
where I core and I clad are the intensity of the two coupled modes, Á' is the phase difference between the core mode and each specific cladding mode, which can be expressed as
where n core and n clad are the effective refractive indices of the core mode and the mth cladding mode, Án eff represents the effective refractive indices difference between the core and cladding modes involved in the interference, and L is the interference length defined as the separation between the two offset splicing joints. Since the interference spectrum is a function a wavelength, Taylor expanding of the wavelength number k at center wavelength 0 and neglecting the high order terms gives
where Á ¼ À 0 . It can be observed that the phase difference is linearly proportional to the wavelength deviationÁ, the interferometer length L, and the difference of the effective refractive indices Án eff . The spatial frequency spectrum is obtained by taking the Fourier transform of the transmission spectrum. Thus, a peak in the spatial frequency spectrum corresponds to a sinusoidal interference pattern represented mathematically as cosð2ÁÞ:
Combining this with (3), the spatial frequency can be expressed as
The spatial frequency is given in proportion to the interferometer length L and the difference of the effective refractive indices between the core mode and the cladding mode Án eff .
To effectively build an in-fiber MZI, some important parameters affecting the performance and the properties of the interferometer, such as the amount of lateral offset, the interference length of the MZI, and the discharge arc conditions for fusion splicing, need special considerations and investigation during the MZI fabrication process. The optimized parameters for fusion splicing, such as arc discharge current and discharge time, are adopted those parameters by operating the commercial fusion splicer (Fujikura FSM-40S) in AT2 splicing mode. In AT2 splicing mode, there are two important parameters: the start offset and the stop offset. The biggest value of the stop offset is 80% of the start offset. According to [24] , the stop offset value influences the performance of the MZI more than the start offset. Therefore, we change the value of stop offset and take the value of start offset as 125% of the stop offset value.
To investigate the influence of the stop offset values on the performance of MZI, we have built several MZIs with different lateral offset values. The stop offset value of the first offset splicing joint is set as 5 m. The stop offset values second offset splicing joint are taken as different values. By using this method, several MZIs with different lateral offsets were constructed. The transmission spectra of the MZIs are measured by using a broadband source and an optical spectral analyzer. To show the interference fringe pattern more clearly, the data has been normalized with respect to the optical source spectrum. The transmission spectra of the MIZs are shown in Fig. 2 . The offset of the first offset splicing joint is set as 5 m, and offset values of the second offset splicing joint are 2 m, 3 m, and 5 m, respectively.
As shown in Fig. 2 , the interference fringes were observed in the wavelength range from 1450 nm to 1650 nm. The spectrum is quasi-sinusoidally modulated with a wavelength range of 200 nm, and it means that the interference induced by the core and cladding modes occurs over a broad band. This indicates that the offset splicing method is effective for fabricating an in-fiber MZI. Some beating phenomena in the interference fringe envelop are also observed, which is considered as the combination of multiple cladding modes involved in the interference process.
When the lateral offset values are increased from 2 m to 5 m, it is observed the interference fringe contrast is strengthened significantly due to the increase in the coupling ratio between the two coupled modes, and the extinction ratio are increased from ∼2.1 dB to 15.2 dB. It should be pointed out that the insertion loss grows up dramatically as the lateral offset increases, and the corresponding values are about 7 dB, 11 dB, and 15 dB, respectively, which is induced by the mismatch of modal filed during the splicing process. So when we fabricate a MZI by offset splicing method, we should choose a suitable offset value to compromise between the fringe contrast and splicing loss. According to the experimental results, a lateral offset of ∼5 m is recommended.
To investigate the effect of the interferometer length on the property of the MZIs, we fabricated several MZIs with different interferometer length. The stop offset values of the two offset splicing joints are set as 5 m. The interference fringes of three MZIs with different interferometer length are shown in Fig. 3 . It is obvious that as the interferometer length increases from 7.5 mm to 60 mm, the interference fringes become closer and the wavelength spacing between two adjacent transmissions peaks decreases.
The Fourier transform of the wavelength spectrum gives the spatial frequency spectra and is shown in Fig. 4 . Obviously, there are multiple peaks in the spatial spectrum, indicating that many cladding modes participate in the interference, but one peak dominates for each spectrum. This property of the spatial frequency spectrum corresponds to the beating phenomena in (5), for different orders of cladding modes with the same interference length, the spatial frequencies are linearly proportional to the difference in the effective refractive index between the core mode and the cladding mode. Thus, for the MZI with the interference of 60 mm, the multiple intensity peaks in Fig. 4 correspond to different orders of cladding modes, and they may be very sensitive to the surrounding environment change, such as the change of refractive index, strain, and lateral stress, etc. Therefore, we can obtain the surrounding environment change by monitoring the spatial spectrum of the MZI.
The variation of spatial frequencies for the dominant peak was measured with respect to the interference length, which is shown in Fig. 5 . It is clear that the spatial frequency increases linearly with the interferometer length L. The slope of the line is related with the difference of the effective indices between the fundamental core mode and the excited high order cladding mode. The experimental results are consistent with the theoretical prediction as given by (5).
Lateral Stress Sensing Experiment and Results
To investigate the potential application of the proposed MZI as lateral stress sensor, a MIZ with the interference length of 30 mm was fabricated by using the offset splicing method described as above, the offset value of both offset splicing joints are 5 m. Two ends of the MZI were fixed and make the interference cavity keep straight. A transverse stress was exerted on the center of the MZI by vertically pressing a 1 mm Â 75 mm polished edge of a microscope slide by using a Vernier micrometer. The optical fiber and the microscope slide are supposed to experience comparable compression because they are made of identical material of glass [25] . Consequently, a small compression region was generated where the diameter of the fiber cladding was decreased by the applied lateral stress. The deformation region will couple part of the cladding mode energy back to the core and simultaneously couple part of the core mode energy to high cladding modes and leaky mode. As a result, the energy ratio between the modes involved in the interference will change with the increase of the lateral stress, resulting in the change of the interference fringe contrast. According to this principle, the lateral stress can be measured by monitoring the interference spectrum of the MZI. Fig. 6(a) shows the wavelength spectra of the MZI without lateral compression. Fig. 6 (b) shows the wavelength spectra at different lateral stress levels, in which the wavelength is chosen in the range from 1600 nm to 1650 nm to show the interference fringe clearly. It is found that the interference contrast of the wavelength spectrum is very sensitive to the lateral stress. Fig. 7 shows the spatial spectra of the MZI at different lateral stress levels by taking Fourier transform of the wavelength spectrum. As illustrated in Fig. 7(a) , there are multiple peaks in the spatial spectrum, indicating that many cladding modes involve in the interference, but one peak is dominant which is marked by D. The frequencies of the peaks marked by A, B, C, D, and E are 0.2358 nm −1 , 0.2458 nm −1 , 0.2608 nm −1 , 0.2759 nm −1 , and 0.3010 nm −1 , respectively. In Fig. 7(b) , it is obvious that the intensities of the peaks A, B and C increase with the lateral compression distance increasing from 0 m to 70 m. This is because more core mode energy is coupled to the corresponded cladding modes with the increase of the lateral squeezing distance. Unlike the peaks of A, B and C, the intensity of the dominant peak D exhibits a decrease due to the creation of leaky modes induced by the increased lateral compression distance. In addition, the intensities of peak E keep relative stable and experiences only a small change as the lateral compression distance is increased from 0 m to 40 m, and then deceases when the compression distance is increased from 40 m to 70 m. It is worth noting that a new peak F located at 0.2859 nm −1 appears as the compression distance is increased to 30 m and exhibits an obvious increase in intensity with the increase of compression distance from 30 m to 70 m. This indicates that a new cladding mode involved in the interference with the core mode. Fig. 8 shows the responses of peak intensity at different spatial frequencies to the lateral compression distance. For the peak A, the amplitude linearly increases with the increase of the lateral compression distance, with a stress sensitivity of 0.00455/m and a linear correlation coefficient of 0.995 as shown in Fig. 8(b) . The amplitude of the peak B is kept relatively stable and experiences only a small increase with a lateral stress sensitivity of 0.0008/m. Similar to the peak A, the amplitude of the peak C linearly increases with the increasing of compression distance, and the stress sensitivity is 0.00264/m. For the peak D, its amplitude linearly decreases when the compression distance is increased, with a stress sensitivity of −0.00318 m. For the peak E, there is a transition value of the lateral compression distance of 40 m, which make the distinction between the increasing and decreasing amplitude process of the peak E. According to the experiment result shown as above, the peak A is well suited to choose for stress sensing because it has high lateral stress sensitivity and high linearity.
We also investigated the stability of the lateral stress sensor based on in-fiber interferometer with temperature variations. Since the core mode and cladding modes involved in the interference always experience the same temperature perturbation simultaneously, the in-fiber MZI is expected to show good environment stability. During the stability test, the lateral stress sensor was directly placed in the lab and the environment temperature is room temperature. Fig. 9 shows a change in the peak intensity of peak A over time. The stability of the sensor was monitored every 5 minutes for 100 minutes. The fluctuation of peak intensity for peak A is about ±0.005 within 100 minutes, which corresponds to the accuracy of ±1.1 m. If the lateral stress sensor is placed in a temperature chamber, where the temperature can be controlled exactly, the stability of the lateral stress sensor will be improved, and the accuracy will also be increased. Fig. 8 . Responses of the peak intensity to lateral stress levels (a) the peak A, B, C, D, as well as E, and (b) the peak A. Fig. 9 . Stability of the peak intensity for peak A measured every 5 minutes for 100 minutes.
Conclusion
In conclusion, we have proposed a novel lateral stress sensor based on a compact in-fiber MZI and Fourier analysis. The in-fiber modal interferometer is formed by cascading two offset splicing joints, which act as a beam splitter and beam combiner. Compared with other in-fiber interferometers, our proposed interferometer is fabricated only by a commercial fusion splicer without requiring special equipment for making two identical long period gratings or using high-cost photonic crystal fibers and photonic bandgap fibers. The influences of the offset value on the performance of the modal interferometer, including the extinction ratio and splicing loss, have been investigated experimentally. This will provides important guidance for other researchers on how to effectively make an in-fiber interferometer. The transmission spectra of the MZIs with different interferometer length are measured and analyzed in the spatial frequency domain by Fourier analysis. The responses of peak intensity at different spatial frequencies to the lateral compression distance are measured. The obtained sensitivity of the peak A is as high as 0.00455 m.
The proposed lateral stress sensor based on the in-fiber MZI possesses the advantages of compact structure, high sensitivity, ease of manufacture, and low cost, and it provides a simple and effective solution for the detection of tiny deformation of fiber induced by lateral stress.
